We demonstrate a novel 75-MHz optical modulator in an SOI waveguide. Modeling of the p-i-n shows device speed is limited by decreasing internal resistance of the p-i-n due to two-photon generated free carriers.
I. Introduction
Research into optical modulation in silicon has primarily focused on two physical mechanisms: the free carrier plasma-dispersion effect and the thermo-optic effect because silicon possesses no electro-optic effects [1] . Here we demonstrate a new modulation scheme for a lossless optical modulator in a silicon waveguide using stimulated Raman scattering (SRS) and a reverse biased p-i-n diode. To achieve net gain using stimulated Raman scattering in silicon waveguides high pump intensities (>10-MW/cm 2 ) are used and two-photon-initiated free carrier absorption has to be mitigated [2] . One way this has been achieved is by using a reverse biased p-i-n device embedded in a silicon waveguide to sweep out the two-photon induced free-carriers. Modulating the reverse bias voltage on the p-i-n alters the rate at which the two-photon induced free-carriers are swept out of the waveguide. This modifies the free carrier absorption and results in modulation of the net Raman gain. By this method we experimentally demonstrate electrically controlled modulation of the net Raman gain in a silicon waveguide.
II. Results & Discussion
An optical modulator may be fabricated in silicon by embedding a p-i-n structure in a waveguide, an example is shown in Figure 1 . Here a 1.5-um wide and 1.55-um high single-mode waveguide is fabricated in silicon-on-insulator (SOI) by etching a 0.7-um rib. The p-i-n structure is formed by doping regions in the silicon with boron and phosphorous with a concentration of ~1×10 20 cm -3 spaced 6-um apart. Light in the waveguide can be modulated by applying a forward bias voltage to the p and n-regions, carriers are injected into the waveguide and cause additional loss due to free carrier absorption [1] . A plot of free-carrier induced loss as a function of applied forward bias is shown in figure 2a for a 4.8-cm long modulator; an S-bend configuration is used to reduce the modulator footprint with a 400-um radius of curvature. This modulator has a high extinction ratio; however the drawback of running a p-i-n in forward bias is its slow response time. Electrical testing of the device described above shows a speed of < 20-MHz. Running the device under reverse bias overcomes Recently a p-i-n embedded in a waveguide was used to sweep out free carriers generated via 2-photon absorption of an intense pump in order to achieve net Raman gain in a silicon waveguide [3] . The net Raman gain achievable when coupling 992-mW pump light inside the waveguide is shown in Figure 3a as a function of reverse bias voltage on the p-i-n. As can be seen the reverse bias p-i-n used in conjunction with Stimulated Raman scattering is able to produce modulation of the net gain in the silicon waveguide from +3-dB to -3-dB. As a comparison the loss of the waveguide is also shown as a function of reverse bias with no pump light -as can be seen under reverse bias there is no significant carrier modulation inside the waveguide. Speed testing of the above device under reverse and forward bias gave the response shown in Figure 3b [4]. Here the optical AC optical output has been normalized to the measured on-chip AC voltage. As can be seen the p-i-n running in reverse bias is faster than the forward biased pi-n but not by an order of magnitude, here a bandwidth improvement of up to 5x to 75-MHz is seen dependent upon the DC bias. To explain this disconnect between the optical and electrical measurements impedance measurements were made while coupling 1-W of optical power into the waveguide. The impedance frequency measurement is shown in fig.4 1.00E+00
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1.00E+05 As can be seen the impedance of the p-i-n changes due to the presence of the pump induced free carriers. The impedance plateau at low frequency implies that the reverse bias diode becomes leaky and acts more like a forward biased p-i-n. This figure also shows that increasing the reverse bias raises the impedance of the device thus enhancing the bandwidth, as shown in Fig.  3b . Modeling the p-i-n device as shown in the equivalence circuit below allows the series and parallel resistance and capacitance of the p-i-n to be monitored as a function of optical power in the waveguide. Under reverse bias the R parallel drops dramatically by 3-orders of magnitude as the pump power is increased and free carriers are generated inside the waveguide. It is this drop in parallel resistance of the p-i-n that is the cause of the drop in modulation bandwidth of the reverse bias p-i-n and degradation of the device performance. 
III. Conclusion
In this paper we demonstrate a novel 75-MHz optical modulation using a reverse biased p-i-n in conjunction with stimulated Raman scattering. The speed limitation for this device is the twophoton initiated free carriers reducing the parallel, i.e. the internal resistance of the p-i-n device.
